Introduction
In the last decade, the synthesis of carbon nitride structures has been extensively investigated due to their highly interesting physical properties such as high hardness and wear resistance. Indeed, some calculations predicted that several structures as α-and β-C 3 N 4 would be harder than diamond [1] . However, even amorphous carbon nitride layers may have suitable physical properties for the use in many tribological applications, for instance as protective coatings. A wide variety of elaboration techniques have been used such as reactive sputtering, chemical vapour deposition, pyrolysis of organic materials, laser deposition and ion implantations [2] [3] [4] [5] [6] [7] [8] . So far, whatever the technique employed, mixed phase layers are quite often obtained and it remains very difficult to achieve fully crystalline phase formation.
Among these techniques, ion implantation appears to be an interesting solution. It enables to modify near-surface properties of materials and allows a perfect control of the stoichiometry and thickness of modified layers by varying experimental implantation conditions as ion energy and fluence. Since successive carbon and nitrogen implantations in metals have not yet been conclusive [9] , simultaneous implantations may be envisioned. Higher fluences could be attained and it would favor the interactions between carbon and nitrogen species during implantation.
In that work, we performed simultaneous implantations with carbon and nitrogen ions into copper samples using the non deviated beam line of a 2 MeV Tandetron accelerator.
Then, we determined the depth distributions of 12 we carried out HRTEM observations, ED analyses and EELS measurements to study the structure and the composition of the nano-objects formed during implantation. The depth distributions of carbon 12 C and nitrogen 15 N in copper were studied using with a spectrometer collection angle of 2.5 mrad. To achieve the plan view TEM analysis of the carbon nitride compounds synthesized into the bulk copper, the samples were electrolytically polished using appropriate chemical bathes (D2 from STRUERS, 6V) until a hole was formed in the substrate.
Experimental

Results and discussion
Fig . 1 shows the experimental NRA spectrum measured at 150°. A very intense peak is observed just below 3 MeV, which can be attributed to the contribution of both surface contamination and implanted 12 C ions [10] . C contamination layer (< 1 nm), characteristic of the carbon build-up phenomenon that occurs on surfaces during implantation, is detected [10] . This carbon layer is not visible in the Fig. 2 due to too small scales. The maximal concentration and the retained dose for carbon species are respectively around 8 at.% and 4.5×10 17 at.cm -2 . We can notice that the entire carbon and nitrogen retained dose (9×10 17 at.cm -2 ) and the total dose generated by the implantation (around 10 18 at.cm -2 ) are quite equal. That highlights the absence of a global and rapid release of carbon and nitrogen atoms outside the copper sample during implantation. Another feature to outline is that the nitrogen and carbon depth profiles are very close in shape and in intensity. This means that the diffusion processes of carbon and nitrogen atoms during 6 implantation in copper are likely limited. This strong correlation also strengthens the assumption that carbon nitride compounds may be synthesized by implantation into copper.
Typical plane view TEM observations performed after implantation are shown in Fig. 3 and 4. They reveal the presence of several nano-objects, with diameters ranging from 30 to 300 nm and a well-defined spherical shape, embedded in a dominant copper crystalline matrix. The nano-compounds with a diameter larger than 50 nm (Fig. 3) may be large gas bubbles whereas the other ones ( Fig. 3 and 4) are small hollow nanospheres probably composed with carbon and nitrogen as suggested by the NRA results presented above.
Besides, XPS measurements performed in another study on copper substrates implanted in similar conditions showed the formation of characteristic types of chemical bonds between carbon and nitrogen [13] . A close up HRTEM image of a small empty nanocapsule and its associated selected area electron diffraction (SAED) pattern are presented in Fig. 5 . It clearly indicates that the hollow spherical shells formed during implantation are amorphous. Indeed, several diffuse rings indicating the amorphous structure can be observed in the SAED pattern (inset of Fig. 5 ). From the EELS spectrum in Fig. 6 , we deduced the composition of these empty nanospheres to be carbon nitride. Indeed, the spectrum presents C and N K edges, with additional peaks attributed to O (O K edge) coming from contamination (oxidation) of nanospheres, and to Cu (Cu K edge, not shown) coming from the substrate. The spectrum obtained is very similar to the ones presented in [14] for carbon nitride thin films with high nitrogen content. Indeed, the relative quantification indicates a nitrogen percent content of about 26 %.
The presence of empty nanospheres is an interesting result that has also been reported by Abe and Cabioc'h [15] [16] [17] for single carbon ion implantations into copper substrates.
These previous investigations demonstrated that the presence of these sorts of empty nanocapsules was due to a carbon precipitation at copper grain boundaries. Surprisingly, they 7 observed in-situ that the so-encapsulated copper nanograins disappeared progressively by a copper diffusion through the defective carbon layers. Such a behavior can also explain the formation of the nanocapsules observed in our substrates. The presence of amorphous carbon parts around the nanocapsules can be attributed to a carbon precipitation at the surface and along boundaries of large copper grains. These results indicate that simultaneous implantations of carbon and nitrogen can be used to produce carbon nitride compounds such as nanospheres.
Conclusion
The depth distributions of carbon 12 High resolution transmission electron microscopy (HRTEM) observations indicate that at least two kinds of nano-compounds are formed in the copper matrix during implantation :
large gas bubbles and small nanospheres. The sizes of these nano-objects range from 30 to 300 nm and most of them have a well defined spherical shape. Electron diffraction analyses and EELS measurements show that the nanospheres are hollow amorphous nanocapsules composed of carbon and nitrogen. This study suggests that carbon and nitrogen coimplantation is an interesting technique to produce carbon nitride compounds. N K edge
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